Abstract-The energy-saving benefits of two lighting control strategies-scheduling and daylighting-were investigated at demonstration sites in two large commercial buildings. A continuously dimmable lighting control system was installed at the Pacific Gas and Electric Company Building in San Francisco, and an on/off switching system was installed at the World Trade Center in New York City. By automatically scheduling the operation of the lighting systems to conform with occupancy patterns, lighting energy consumption was reduced 10-40 percent. Several scheduling techniques were investigated, and the influence of switching the zone size on energy savings was examined. Using photoelectrically controlled lighting systems, which switch or dim lighting in accordance with available daylight, the energy consumed for lighting in daylit areas was reduced to 25-35 percent. The influence of clear and overcast conditions on the energy savings associated with daylight-linked controls is discussed.
I. INTRODUCTION AS THE COST of energy has continued to rise, increasing effort has gone into minimizing the energy consumption of lighting installations. This effort has evolved along three major lines: the development of new more efficient lighting equipment, the utilization of improved lighting design practices (e.g., task/ambient lighting systems) and finally, improvements in lighting energy management practices. This paper is concerned with lighting energy management practices and how lighting control strategies can minimize the excessive use of electric lighting in buildings.
Two frequently encountered examples of excessive use of electric lighting are 1) providing electric lighting during periods when a building is partially or completely unoccupied, and 2) supplying full electric lighting when daylight is available to satisfy lighting requirements partially. The waste associated with the first example has been exacerbated by the construction of buildings that do not even have wall switches to control lighting. In these buildings lighting circuit breakers are activated when occupants first arrive and switched off at some point after the cleaning crews leave. Such building operation clearly invites waste because inaccessible controls such as circuit breakers (which are often in a locked electrical closet) are less frequently used than more accessible controls [1] . As regards the second example, the widespread use of inexpensive dedicated fluorescent lighting with no minimal controls has discouraged the use of daylighting as a practical source of illumination for visual tasks.
Many types of lighting control products are available to reduce the unnecessary expenditure of energy for lighting [2] . Nonetheless, few data have been collected, at least in the United States, to quantify the energy savings that result from implementing lighting control strategies in real buildings. Well-documented studies have been reported in Britain [3] , [4] and Canada [5] , but it is not clear that these studies are directly applicable to the U.S. due to dissimilarities in climate and building operation. This report describes the energy savings measured when two lighting control strategies-scheduling and daylighting-were applied in two large-scale demonstrations in San Francisco and New York City.
II. LIGHTING CONTROL STRATEGIES
The energy consumed for lighting in buildings is a function of two variables; energy (kWh) = power (kW) x time (h). The purpose of lighting controls is to allow the building manager dynamic control over these two parameters so as to satisfy the lighting needs of the building occupants with a minimum expenditure of energy. Several lighting control strategies are available to manage lighting energy use in buildings, although in this paper we are concerned with only two: scheduling and daylighting. We will limit the discussion to fluorescent lighting systems because these are the prevalent sources of lighting in commercial buildings.
Scheduling
The purpose of scheduling is to provide appropriate illumination levels and lighting patterns These occupant-activated switches permitted authorized personnel to override the computer control when necessary. The photorelay inputs allowed appropriate lighting loads to be switched off when daylight falling on the photorelays exceeded a certain level. Overrides could also be accomplished through a telephone computer interface. This enabled workers to use their own telephones to change the lighting pattern. Installation of Lighting Control System: The multiballasted fixtures were wired so that groups of fixtures could be set to any of four light levels. By using the relays to switch the two pairs of outboard tubes separately from the inboard tubes, four light levels-0, 1/3, 2/3, and full lighting-could be provided (Fig. 2) .
To allow maximum flexibility for this test program, one relay controlled each ballast. For many tests the lighting fixtures were grouped into independently controllable 1000-ft2 sectors, simulating a pragmatic installation of this control system in a commercial building in which two relays would control 1000 ft2 of lighting. Each sector was controlled by the central computer that altered light levels according to a programmed schedule and in response to signals from exterior-mounted photorelays, which sensed the amount of daylight falling on each face of the building. Fig. 1 is a plan view of the demonstration site at the World Trade Center and shows the lighting arrangement used for most of the tests.
Instrumentation: The microprocessor used to control the lights in this installation was also used to collect the experimental data. When the microprocessor changed the lighting pattern for the floor (by switching groups of relays on or off), it simultaneously recorded what that change was and at what time it occurred. In this manner a running record was kept of the status of all relays throughout the system. Because there was a one-to-one correspondence between relays and ballasts, the load for all the lighting or any subset of lights could be determined by analyzing the relay activity record. In a typical commercial building installation, this control system outputs the activity record only to a hard-copy printer. In this demonstration relay activity was also recorded onto a magnetic data cartridge. After each experiment the magnetic tape cartridge imprinted with the experimental data was shipped to Lawrence Berkeley Laboratory for processing and reduction.
In addition to the data collection system described above calibrated photometers were placed at selected locations to measure daylight and electric light illuminance levels during the various experiments. Electrical signals from the photometers were recorded onto a multichannel strip-chart recorder.
Pacific Gas and Electric Building
Physical Site Description: The thirtieth floor of the Pacific Gas and Electric Company (PG&E) building occupies 26 000 ft2 of gross floorspace. Of this total area approximately 19 000 ft2 is usable office space, 4000 ft2 is corridors, and 3000 ft2 is core space. The core space, which includes airshafts, stairwells, and elevators, was not included in the lighting demonstration (Fig. 3) .
About 92 percent of the usable office space consists of individual or group offices separated by ceiling-high partitions. All perimeter offices have the same depth-17 ft measured from the back wall to the window wall (Fig. 3) Table I . The lighting fixtures were grouped into independently controllable zones of 1000 ft2, and these same sectors were used for all three schedules described below.
The loose and tight schedules were similar except that under the tight schedule the lights were turned on slightly later in the morning and turned off slightly earlier in the late afternoon, as indicated in Table I . The tight schedule also included a 2/3 reduction in illumination level during the lunch hour.
In the off-only schedule, rather than turning the lights on automatically with the control system, the first person to arrive in his or her sector in the morning manually turned on the lighting for that sector using the telephone overrides described in the preceding section. At noon the control system reduced the lighting in all sectors by 2/3, and, as individuals returned from their lunch breaks, they restored the lighting in their sectors to full level using the overrides. At 4:30 P.M., the control system reduced all sectors to a 1/3 level for the cleaning personnel; all lighting was switched off at 11:00
Figs. 4-6 show the number of relays on versus time of day for typical days from each of the tests summarized in Table I and ballasts, the number of relays on is proportional to the lighting load.) The effects of overrides by early and late workers are seen on the graphs. Fig. 6 shows the results for the off-only schedule, in which the first worker to arrive in a sector turned on all the lights for that sector.
Relative to the baseline lighting operation in effect prior to these tests, the percent reduction in lighting energy consumption was 30.5, 36, and 40.5 percent for the loose, tight, and off-only schedules, respectively.
2) Switching Zone Size: In a second set of experiments, the effect of zone size on the energy savings associated with scheduling was investigated by applying the off-only schedule described in Table I Fig. 8 ).
Since this reduced the average weekday lighting hours from 16 to 14.5 the change from manual operation to scheduling with the control system reduced the lighting energy consumption by ten percent.
Daylighting
World Trade Center: The lighting control system utilized photorelays to detect exterior illuminance levels. The relationship between exterior illuminance levels and the amount of daylight penetrating to various depths within the building was analyzed using the Lumen-IT computer program. Based on this relationship the size of the perimeter and the midzone on each side of the building was determined (Fig. 1) . These eight zones constituted the daylit zones in our analysis. Two photorelays of different sensitivities were installed on each building facade pointing outward. A compound switching scheme was devised, in which the lighting control system executed a twolevel lighting reduction depending on the amount of daylight falling on the photorelays. The lighting control system was programmed to reduce the perimeter lighting from full to 1/3 level when the more sensitive photorelay tripped (at approximately 300 fc). A second reduction was programmed to take place in the midzone when the less sensitive photorelay tripped (at approximately 1000 fc) reducing the midzone lighting from full to 2/3 level. While other switching techniques were also tested, the technique described above proved most capable of maintaining the design illumination level in the daylit zones.
While the programmable switching system adjusted lighting levels based on the illumination levels measured at the photorelays, occupants were able to override the programmed lighting pattern in their zones and restore their lighting to full level if desired. Occupants could also operate the drapes to limit direct solar radiation. Fig. 9 shows the effect of the compound daylight switching technique on the lighting loads for all daylit zones (both perimeter and midzones) as averaged over eight working days in March. The upper line is the load that would have resulted if overrides were not permitted, while the lower line shows the lighting load actually measured. Between the hours of 7:30 A.M. and 5:30 P.M. daylight-activated switching would have reduced the lighting consumption in the daylit area by 28 percent; however, due to overrides the measured reduction was 26,4 percent. These figures translate to eight-and ninepercent energy savings when applied to the entire floor, since only 32 percent of the floorspace can be daylit.
Pacific Gas and Electric Building: A one-month test was performed around the time of the winter solstice to measure the energy saving benefit of using natural daylight to partially displace electric lighting in the daylit areas of the floor.
The lighting control system was designed to adjust the output of the luminaires automatically as daylight levels changed in a zone so that a constant level of light (electric plus daylight) was maintained at the zone's control photosensors. The illumination level to be maintained at the photosensors was set by calibrating the control system at night when the daylight contribution at the control photosensors was zero. In addition to the calibration procedure described above, the dimming circuitry was adjusted so that the lighting system never dimmed below about 45 percent of maximum light output. This precaution was taken to minimize the possibility of harsh shadows and large contrast ratios,between the inside and outside environments, which might have occurred if the electric lighting was allowed to dim very low.
Occupants were free to adjust drape position as desired. It The average effect of daylight dimming on the electric lighting load is shown in Fig. 10 [6] .)
The average lighting demand data broken down into clear and overcast categories are plotted for the northeast and southwest zones in Fig. 10 [7] . However, the daylighting tests at the WTC and PG&E were performed at different times of the year. One can assume that, since the daylighting tests at the WTC were performed at about the time of the vernal equinox (when the length of day and night are equal), the results represent a reasonable approximation of the energy savings that would accrue for the entire year. The daylighting tests at the Pacific Gas and Electric Building, however, were performed during the winter solstice and therefore reflect the minimum possible savings.
In order to permit' meaningful comparisons between the daylighting results from the two buildings, we have taken the energy savings measured at PG&E and extrapolated the results over the entire year. Such an extrapolation is possible because we have measured the relative frequency of clear and overcast conditions for approximately three years at PG&E and have characterized the energy savings with daylighting for clear and overcast conditions. By weighting the energy savings under clear and overcast conditions with the relative frequencies of clear and overcast conditions for each month of the year, we have calculated that, summed over all the daylit zones, the energy savings attributable to daylighting range from a low of 26 percent, (as measured during the winter) to a high of 34 percent (as calculated for the summer). These calculations are consistent with daylighting tests conducted during the summer and fall (data not shown). Based on these calculations, the dimming system at PG&E is seen to be more energy conserving than the switching system employed at the WTC.
VI. CONCLUSION As a result of these tests, we see that there exists considerable potential for reducing lighting energy consumption using daylighting and scheduling as lighting control strategies. The use of computer-based lighting control systems for scheduling light levels on the basis of occupancy positively affecting lighting outside the core operating times (7:30 A.M.-5:30 P.M.). These savings were significant, ranging from ten to 40 percent depending on the lighting system operating hours measured before scheduling. Using available daylight as a source of illumination to displace electric'lighting loads was shown to reduce the energy consumed for lighting in daylit areas by 25-35 percent. Moreover the lighting load reduction with daylighting occurred during the core operating hours when peak demand charges and higher time-of-day rates are in effect.
